Abstract. By using a climate system model of intermediate complexity, we have simulated longterm natural climate changes occurring over the last 9000 years. The paleo-simulations in which the model is driven by orbital forcing only, i.e., by changes in insolation caused by changes in the Earth's orbit, are compared with sensitivity simulations in which various scenarios of increasing atmospheric CO 2 concentration are prescribed. Focussing on climate and vegetation change in northern Africa, we recapture the strong greening of the Sahara in the early and mid-Holocene (some 9000-6000 years ago), and we show that some expansion of grassland into the Sahara is theoretically possible, if the atmospheric CO 2 concentration increases well above pre-industrial values and if vegetation growth is not disturbed. Depending on the rate of CO 2 increase, vegetation migration into the Sahara can be rapid, up to 1/10th of the Saharan area per decade, but could not exceed a coverage of 45%. In our model, vegetation expansion into today's Sahara is triggered by an increase in summer precipitation which is amplified by a positive feedback between vegetation and precipitation. This is valid for simulations with orbital forcing and greenhouse-gas forcing. However, we argue that the mid-Holocene climate optimum some 9000 to 6000 years ago with its marked reduction of deserts in northern Africa is not a direct analogue for future greenhouse-gas induced climate change, as previously hypothesized. Not only does the global pattern of climate change differ between the midHolocene model experiments and the greenhouse-gas sensitivity experiments, but the relative role of mechanisms which lead to a reduction of the Sahara also changes. Moreover, the amplitude of simulated vegetation cover changes in northern Africa is less than is estimated for mid-Holocene climate.
Introduction
Paleoclimatic reconstructions indicate that during the so-called Holocene climatic optimum some 9000-6000 years ago, the summer in the northern hemisphere was warmer than today. The summer monsoon in northern Africa was stronger than today according to lake level reconstructions (Yu and Harrison, 1996) , estimates of aeolian dust fluxes (deMenocal et al., 2000) , and distribution sand dunes (Sarnthein, 1978) . Moreover, paleobotanic data reveal that the Sahel reached at least as far north as 23
• N. (The present boundary extends up to 18
• N.) Hence, there is an overall consensus that during the Holocene optimum, the Sahara was greener than today -albeit reconstruction of mid-Holocene vegetation distribution in northern Africa vary (Frenzel et al., 1992; Hoelzmann et al., 1998; Anhuf et al., 1999 , Prentice et al., 2000 with respect to vegetation coverage and geographical detail. Further paleoclimatic evidence (Sarnthein, 1978; Sarnthein et al., 1981; Maslin et al., 1996) suggests that the expansion and retreat of Sahara parallels climate changes in the northern hemisphere. During the peak phase of an interglacial, such as the Eemian and the Holocene optimum, the desert shrank, i.e., the Sahara became greener, and during colder climate, in particular during a glacial, the desert expanded.
The parallel course of vegetation expansion and increase in northern hemisphere mean temperatures has provoked the hypothesis that the Sahara would become greener again if anthropogenic greenhouse-gas emissions continue to increase and if, therefore, the global climate again becomes warmer and moister (Petit-Maire, 1990) . Such paleo-analogues are mainly based on statistical correlation, rather than physical reasoning. From the physical point of view, there are obvious differences between the forcings which drive climate change. Variations between glacials and interglacials are presumably driven by, or at least triggered by, changes in the Earth's orbit around the sun (e.g., Spitaler, 1921; Kutzbach and Guetter, 1986; Berger and Loutre, 1997) which induce regional and seasonal variations in insolation. An increase in greenhouse gases, on the other hand, affects climate on the global scale, because global dispersion of these gases is much faster than their lifetime in the atmosphere. Hence it has to be questioned whether the midHolocene optimum is a direct paleo-analogue of a greenhouse-gas induced climate change. In particular, it is not at all obvious whether an increase in atmospheric CO 2 concentration could lead to a greening of the Sahara.
It is known that climate models yield equivocal results with respect to changes in northern African precipitation in a greenhouse-gas induced climate change. Model sensitivity experiments (Cubasch et al., 2001) show that an increase in greenhouse gas concentration leads to a warmer near-surface atmosphere, with the land surface warming faster than the ocean surfaces. Concerning precipitation, the model survey suggests an increase in most tropical areas and a decrease in most subtropical areas. However, there appears to be a high intermodel variability concerning the exact location of the transition zone and therefore little consistency among models with respect to simulated changes of precipitation in northern African.
Moreover, most climate models do not take into account vegetation dynamics. This could be a serious drawback when tackling the question of climate change in northern Africa as seen in paleoclimatic simulations. Results from the Paleoclimatic Modeling Intercomparison Project (PMIP) reveal that no model yields an increase in precipitation large enough to lead to a substantial reduction of the Sahara in the mid-Holocene climate, when the land cover was prescribed according to present-day conditions Harrison et al., 1998) . When, however, more realistic land-cover conditions were prescribed (Kutzbach et al., 1996; Broström et al., 1998) , or when feedbacks between changing atmosphere and changing vegetation were taken into account (Claussen and Gayler, 1997; Texier et al., 1997; Ganopolski et al., 1998a , then a more realistic climate change including a reduction in the Saharan and Arabian deserts was found. Presumably, orbital forcing just triggers climate changes in northern Africa, and these are then amplified by feedbacks within the climate system (e.g., Claussen et al., 1998) . Therefore, we use CLIMBER-2, a coupled atmosphereocean-vegetation model of intermediate complexity, to explore the possibility of vegetation expansion in arid northern Africa if atmospheric CO 2 concentrations increase, and we compare the results of this sensitivity study with paleoclimatic simulations of the last 9000 years.
Model Description and Experiment Set Up
The CLIMBER-2 model (for Climate-Biosphere model, version 2) is described in detail in Petoukhov et al. (2000) and Ganopolski et al. (2001) . CLIMBER-2 has a coarse resolution of 10 degrees in latitude and approximately 51 degrees in longitude in the atmosphere. The model of the atmosphere is based on the statistical-dynamical approach and describes synoptic variability in terms of second moments (auto-and cross-correlation functions of deviations from the long-term values of the atmospheric variables). It resolves the slow tropical dynamics; the extratropical synoptic fluxes of heat and moisture are parameterized as diffusion terms. The vertical structures of temperature and specific humidity and the atmospheric mean meridional circulation are parameterized and then used for calculating the three-dimensional advective, diffusive and radiative fluxes. The latter are evaluated using a multilevel (16 levels) radiation scheme that accounts for water vapor, CO 2 , aerosols and cloudiness. The ocean model is a multi-basin, zonally averaged model similar to that of Stocker et al. (1992) , including a model of sea-ice thickness, concentration and advection. The model of terrestrial vegetation (Brovkin et al., 2002) describes vegetation structure, i.e., fractional coverage of a grid cell by trees, grass, and desert, as well as net primary productivity (NPP), leaf area index (LAI), biomass and soil carbon pools. The vegetation structure depends on the temperature and precipitation fields, while NPP, LAI and carbon pools depend also on atmospheric CO 2 concentration. The time scale of vegetation dynamics are of the order of decades to centuries for trees and of the order of years for grass. To account for the absence of soil and nutrients in desert regions, the time scale of vegetation growth in former deserts or semi deserts is set to that of trees whenever the vegetation fraction is below a critical value of 0.1. With respect to the vegetation dynamics and changes in the carbon budget in simulations with prescribed changes in atmospheric CO 2 concentration, the vegetation model agrees well with other dynamic global vegetation models (Cramer et al., 2001) .
The CLIMBER-2 model not only realistically reproduces the large-scale pattern of present-day climate (Petoukhov et al., 2000) . Also, which is important for this study, the sensitivity of CLIMBER-2 to changes in external forcing, such as changes in atmospheric CO 2 concentration, solar irradiation, freshwater input to the North Atlantic, and boreal and tropical deforestation, is similar to that of comprehensive models of atmospheric and oceanic circulation (Ganopolski et al., 2001 ). Moreover, CLIMBER-2 has successfully been applied to paleoclimatic simulations of the last glacial maximum (Ganopolski et al., 1998b ) and the Eemian , for example.
CLIMBER-2 has also been used to reproduce the reduction of Saharo-Arabian deserts during the Holocene optimum (Ganopolski et al., 1998a) and the transition from the Holocene optimum to present-day climate (Claussen et al., 1999; deMenocal et al., 2000) . These studies were undertaken by using CLIMBER-2.1. Therefore, we have repeated the experiments using the updated version CLIMBER-2.3. Versions 2.1 and 2.3 differ mainly in an increased spatial resolution in the ocean model and some changes in the numerical scheme to assure better numerical stability. Thus, results obtained with CLIMBER-2.3 and with CLIMBER-2.1 remain the same qualitatively, though there are some minor quantitative differences (see below).
In the paleoclimatic simulations -referred to as the Holocene experiments in the following -seasonal and regional insolation pattern were computed from changes in orbital forcing for the last 9000 years (Berger, 1978) . Differences in boreal summer insolation over the past 9 ky BP (9000 years before present) and today are shown in Figure 1 . In the Holocene experiments, pre-industrial ice cover and atmospheric CO 2 concentration were chosen to better compare effects of orbital forcing and radiative forcing. Changes in orbital forcing over the last few centuries and for the few centuries to come are negligibly small.
The CO 2 sensitivity experiments were set up in the following way. The coupled atmosphere-ocean-vegetation model was run for 10,000 years to an equilibrium with pre-industrial insolation, distribution of inland ice, and atmospheric CO 2 concentration. This simulation is referred to as the control simulation. Then, atmospheric CO 2 concentration was changed from its preindustrial value of 280 ppmv as derived from reconstructions (Neftel et al., 1990) and observations (Keeling, 2000) from 1800 to 1999. After 1999, atmospheric CO 2 concentrations were increased by 1% per year to a value of 560 ppmv, 750 ppmv, and 1000 ppmv, respectively. After the maximum CO 2 concentration is reached, it is kept constant. To explore the sensitivity of the model climate to variations in the rate of forcing we also chose a 0.5% per year and a 2% per year increase for the case of the 1000 ppmv maximum CO 2 concentration (see Figure 2 ). In the following, these experiments are referred to as the 560-1, 750-1, 1000-1, 1000-0.5 and 1000-2 simulations, respectively.
Most experiments were undertaken using the fully coupled model. However, to explore the impact of atmosphere-vegetation feedbacks, including their synergisms with atmosphere-ocean feedbacks, we compare results of the fully coupled model with the respective results of the atmosphere-ocean model in which the land cover was kept constant at conditions computed for pre-industrial climate.
Sensitivity of Global Climate to Holocene Orbital Forcing and Increased
Atmospheric CO 2 Concentrations
The global pattern of differences in near-surface temperatures during the boreal summer (June, July, August) between the Holocene simulation at 6 ky BP and the control simulation ( Figure 3a ) reveal a warming over Central Eurasia and North America. (We analyse model results at 6 ky BP, because most model studies on mid-Holocene climate focus on this time period, see Joussaume et al., 1999.) These changes can partly be interpreted as a direct response of the climate system to orbital forcing (see Figure 1 ) which led to a strong warming of high northern continents and little change in the southern hemisphere during the boreal summer. At high northern latitudes the temperature change triggered by orbital forcing was presumably amplified by internal feedbacks, in particular by a synergism between temperature changes owing to a reduction in Arctic sea-ice and an expansion in boreal vegetation . Summer precipitation increases in comparison with pre-industrial climate mainly in the monsoon areas of Africa, Asia and, to a lesser extent, of North and South America (Figure 3c ). Reduced precipitation is found mainly in the southern subtropics and in Europe. Changes in African summer precipitation are much weaker in simulations in which vegetation dynamics are ignored (Ganopolski et al., 1998a ). This result is in qualitative agreement with most model experiments on paleo-monsoon (Kutzbach et al., 2001) . This leads to the conclusion that the African summer monsoon, and thus Saharan greening, was strongly amplified by vegetation-atmosphere interaction in northern Africa. In the CO 2 sensitivity experiments global mean temperature and precipitation increase until the maximum values of CO 2 concentration are reached. Thereafter, the system -owing to the thermal inertia of the deep ocean -slowly approaches a new equilibrium. In the case of a doubling of CO 2 concentration, the global mean temperature has increased by 2.7 K and global mean precipitation by 10% in the equilibrium state. These values are within the range of results from comprehensive models (e.g., Cubasch et al., 2001 ).
The warming caused by an increase in atmospheric CO 2 concentrations is strongest at the respective winter polar region (Figure 3b ). Temperature increase is stronger over the continents than over the oceans (see Ganopolski et al., 2001 for a more detailed discussion). However, the zonal temperature differences over the northern hemisphere are weaker than in the mid-Holocene simulation (Figure 3a) . Boreal summer precipitation increases in the tropics, particularly over SouthEast Asia. It decreases over the southern subtropics and over southern Europe (Figure 3d ).
Regarding changes in precipitation, many climate models (see Cubasch et al., 2001 ) reveal an increase in precipitation in tropical Africa and the Sudan and a decrease in summer precipitation in southern Europe and the Mediterranean region in the case of an increase of atmospheric CO 2 concentrations. Given the variability among model results, the sign of change in Saharan precipitation seems to be equiv- ocal. Some models predict a more arid climate, others a more humid climate. For example, Colman et al. (1995) reported a rather strong increase of 1-2 mm/day in the Sahel region and in North-West Africa during the boreal summer as a response to a doubling of atmospheric CO 2 concentrations. Figure 4 shows transient changes in the Saharan vegetation fraction and precipitation resulting from the Holocene experiment. The vegetation in the Sahara consists mainly of grassland. Saharan vegetation coverage follows the steady change in northern hemisphere insolation in a disproportional way. During the early and late Holocene, Saharan vegetation coverage changes more slowly than insolation, in the mid-Holocene, around 6 ky BP, much faster. This non-linear behavior has been attributed to the non-linear vegetation-atmosphere feedback (Claussen et al., 1999) . As mentioned above, the results presented here slightly differ from those discussed earlier (Claussen et al., 1999) . The vegetation fraction in the Sahara at 6 ky BP reaches 0.71 in CLIMBER-2.1 and 0.52 in CLIMBER-2.3.
Changes in Northern Africa
In the CO 2 sensitivity experiments, the model reveals only marginal changes in Saharan vegetation cover (see Figure 5a ) during the first 220 to 250 years of simulation. Thereafter, a rather strong increase in vegetation cover (consisting of grassland) is seen. The amplitude as well as the rate of vegetation change depend on the amplitude and rate of CO 2 changes. The higher the value at which CO 2 concentrations stabilize, the more significant are the vegetation changes. In the 560-1 simulation, the maximum vegetation cover stays well below 0.1 (i.e., less than 10% of the Saharan area is covered by vegetation), while in the 1000-2 simulation it reaches values of approximately 0.45. Similarly, a stronger CO 2 growth rate results in a more abrupt vegetation change. In the 1000-0.5 and the 1000-2 simulation, vegetation increases to maximum values within approximately 20 decades and 5 decades, respectively. The vegetation cover in the Sahara reaches its maximum a few decades after the atmospheric CO 2 concentration has gained its maximum value. Thereafter, Saharan vegetation declines. The amplitude of decline can be quite strong: for example, in the case of the 1000-1 simulation vegetation shrinks from approximately 0.43 to 0.30.
The non-linear response of Saharan vegetation to monotonous CO 2 forcing is also seen in the changes of precipitation (Figure 5b ). Both vegetation and precipitation changes closely follow the transient changes in temperature gradients between land surface in northern Africa and the ocean surface of the tropical North Atlantic (Figure 6a ). Owing to its larger heat capacity, the ocean warms more slowly than the continent. However, when the forcing is kept constant, i.e., when the atmospheric CO 2 concentration has reached its maximum value and is kept constant, then the ocean 'catches up'.
While the transient changes in regional land-ocean contrast seem to dominate the monsoon changes in northern Africa, the situation is more complex in the Holocene experiment. It appears (Figure 6b ) that the changes in African precipitation, which were triggered by orbital forcing during the last 9000 years, parallel the transient changes in the large-scale surface temperature gradient between the Eurasian continent and the tropical Atlantic Ocean, but not the regional gradient of surface temperatures between northern Africa and the tropical North Atlantic. In the CO 2 sensitivity experiment, transient large-scale and regional-scale temperature gradients look similar (Figure 6a ). Hence it is hard to judge whether large-scale or regional-scale land-ocean contrast affects the African monsoon more strongly.
In Figure 5b (thin lines) the precipitation changes computed in the atmosphereocean-only model, hence in a model configuration, in which the vegetation pattern is kept at a pre-industrial condition, are also included. It can be seen that without the feedback between atmosphere and vegetation dynamics, amplitude and rate of increase in Saharan precipitation are smaller. The transient behavior of precipitation changes, however, remains qualitatively the same. Interestingly, the temperature gradient between land surface and ocean surface is stronger in the simulation without vegetation dynamics than in the fully coupled model (Figure 6a ). Hence it has to be questioned whether the strength of the African summer monsoon depends on the land-ocean temperature contrast only. Eltahir (1996) and Eltahir and Gong (1996) suggested that the dynamics of the monsoon circulation over West Africa are regulated by the meridional distribution of boundary-layer entropy. In their theory the dynamics of the moist atmosphere across the land-ocean boundary are the dominant factor which determines the strength of the African summer monsoon. This theory contrasts with Charney's (1975) theory and simulations by Xue and Shukla (1993) which emphasize the dynamics of a dry atmosphere across the savanna-desert border. One important implication of the land-atmosphere-ocean interaction mechanism proposed by Eltahir and Gong (1996) is that the variability in the sea-surface temperatures off the coast of West Africa and/or changes in land cover in the coastal region of West Africa may play a more important role in the regional monsoon climate than do changes in land cover near the desert border. By using a zonally symmetric model of West Africa, Zheng and Eltahir (1998) found that, consistently, land-cover changes along the border between Sahara and Sahel have a minor impact on the simulated monsoon circulation, while deforestation along the West African coast -which more strongly affects boundary-layer entropy -triggered a collapse of the monsoon circulation.
We have not tested the sensitivity of CLIMBER-2 to Saharan versus Sahelian land-cover change in detail. However, Kubatzki (2000) , by using CLIMBER-2.1, found that a reduction of trees and grassland in the region between Sahara and West African coast from mid-Holocene values to pre-industrial values (i.e., a reduction of tree cover by 9% and grassland by 31%) yielded a reduction in Saharan vegetation coverage from 0.71 to 0.56. This high sensitivity of Saharan climate to changes in land cover south of the Sahara is consistent with Eltahir's theory. Claussen (1997) demonstrated that land-cover change and subsequent vegetation -atmosphere interaction in the Sahara can strongly modify the African summer monsoon. He showed that changes in the atmospheric energy budgets and large-scale zonal atmospheric circulation arising from the land-cover change are consistent with Charney's theory. However, this result does not directly conflict with Eltahir's theory, because a change in land cover always yields a change in boundary-layer entropy. In his three-dimensional, global atmosphere-biome model, Claussen (1997) found a strong increase in West African summer monsoon and an increased gradient in moist static energy between land and ocean, but a weaker temperature gradient between land surface and ocean surface, when the western Sahara was covered by savanna. Claussen's (1997) results and the earlier numerical experiments by Xue and Shukla (1993) indicate that besides the regional atmosphereocean contrast which Eltahir's theory focusses on, large-scale processes can affect the African summer monsoon as suggested by Charney (1975) . The African sum- mer monsoon appeared to be closely linked to the Asian summer monsoon and the strength of the tropical easterly jet and the African easterly jet. In simulations with reduced Sahara in present-day climate (Claussen, 1997) as well as in paleosimulations of a mid-Holocene greening of the Sahara (Claussen and Gayler, 1997) the tropical easterly jet at 200 hPa was found to be stronger and the African easterly jet at 700 hPa near 15
• N, weaker than in present-day climate and present-day African deserts -in agreement with Xue and Shukla's (1993) desertification experiments. Qualitatively the same changes in tropical zonal air flow were also found in the Holocene experiments using CLIMBER-2 (Kubatzki, 2000) . The apparent correlation between time series of precipitation in northern Africa and the largescale temperature contrast between Central Eurasia and tropical North Atlantic for the last 9000 years seen in Figure 6b is consistent with this concept.
In CLIMBER-2, precipitation is not directly related to horizontal temperature or entropy gradients, but it is computed from vertical motion and humidity. To further explore the differences in mechanisms between paleo-monsoon changes and the equilibrium response of African summer monsoon to changes in atmospheric CO 2 concentrations we have analysed the vertical moisture flux over northern Africa. In Table I we have listed changes in vertical motion, specific humidity and vertical moisture transport.
The difference in zonally averaged vertical velocity w reflects changes in the zonal mean Hadley circulation. Differences in both experiments are positive, i.e., the intensity of the Hadley circulation increases owing to Holocene changes in insolation and owing to an increase in atmospheric CO 2 . Both changes in w are of similar magnitude. In CLIMBER-2 the strength of mean-meridional circulation increases with the meridional temperature difference and the cube of the zonal mean temperature.
The azonal component of the vertical velocity w * (i.e., the deviation between local and zonally averaged vertical velocity) is larger in the Holocene experiment than in the 1000-1 simulation. The strength of w * can be interpreted as the strength of the African monsoon. w * grows with the temperature contrast between land and ocean. During boreal summer, the temperature contrast, and hence w * , is larger in both simulations, the Holocene experiment and the CO 2 sensitivity experiment, than in the control simulation.
In both experiments, the specific near-surface humidity q over the Sahel/Sahara region increases in comparison with the control simulation. However, q is stronger in the 1000-1 experiment than in the Holocene experiment, because the ocean surface becomes warmer and thus evaporation increases in the 1000-1 experiment.
Changes in humidity and in vertical velocity affect the vertical moisture transport wq in different ways. In the 1000-1 simulation, the air over the Sahel/Sahara region is moister than in the Holocene simulation; however, the vertical velocity is stronger in the Holocene simulation than in the 1000-1 simulation. The latter process seems to be the dominant factor. Therefore, we find a stronger vertical moisture flux, and hence more precipitation in the Holocene simulation.
Contributions of changes in vertical velocity and humidity to changes in vertical moisture flux (wq) differ between the 1000-1 and the Holocene simulation. In the 1000-1 simulation, the dynamic component of changes in vertical moisture flux q w and the thermodynamic component w q are approximately the same. In the Holocene simulation however, q w is much larger than w q which is mainly caused by the azonal component w * , i.e. the monsoon-type deviation from the zonal mean w . (Please note that w = w + w * ). Hence we conclude from our experiments that during the mid-Holocene, the Saharan greening is caused mainly by an increase in the monsoon flow, convective flow and thus monsoon precipitation, while a humidity increase and change in monsoon flow equally contribute to the increase in precipitation in a climate change triggered by an increase in atmospheric CO 2 concentrations.
Assessment
To test the robustness of our experiments, we performed a number of simulations in which parameters implicit in our parameterizations were changed. In our vegetation module, the vegetation fraction is assumed to depend on annual mean Figure 7 . Sensitivity of predicted Saharan vegetation cover to atmospheric CO 2 concentration and percentage changes of parameter P cr . This parameter which controls the lower limit of precipitation at which vegetation can sustain. The isolines indicate fractional Saharan vegetation cover on average of the last 100 years of each sensitivity experiment during which the model has achieved approximate equilibrium with (constant) CO 2 concentration. temperature and on annual mean precipitation as indicated in Brovkin et al. (1998) . We varied the parameter P cr which controls the lower limit of precipitation at which vegetation can be sustained.
It appears that the predicted changes in Saharan vegetation cover depend on P cr as well as on the maximum atmospheric CO 2 concentration (see Figure 7) . A reduction of P cr yields a stronger expansion of Saharan vegetation and an increase of P cr results in a smaller vegetation expansion. If a large enough value for P cr is chosen, then any vegetation expansion can be suppressed. However, even with an increase of P cr of 50%, some vegetation appears if atmospheric CO 2 concentration increases to values of 1000 ppm.
Parameters like P cr are obtained as best guesses from data of present-day climate. Therefore, it is useful to test variations of P cr in paleoclimatic simulations. From our Holocene experiments undertaken with different values of P cr we find values of fractional Saharan vegetation cover of 0.65, 0.52, 0.35, and 0.19 at 6 ky BP for changes in P cr of -30%, 0%, +30%, and +50%, respectively. Empirical (e.g., Anhuf et al., 1999) and recent theoretical estimates (Doherty et al., 2000) yield a mid-Holocene Saharan vegetation cover of approximately 0.5. Therefore, we conclude that our best guess at P cr for present-day climate leads to model results for mid-Holocene conditions in agreement with other estimates. Moreover, we conclude that results of our sensitivity study which are obtained with a high value of P cr are presumably not realistic, because high values of P cr lead to estimates of mid-Holocene vegetation cover much smaller than paleo-reconstructions suggest.
To assess the significance of our simulations, we have to emphasize that all results were obtained without consideration of any external perturbation of vegetation growth. Sensitivity studies by Kubatzki (2000) indicate that the simulated onset of aridification in northern Africa some 5.500 years ago is only marginally affected by external perturbation. (In the perturbation experiment, vegetation cover was reduced to 0.2 for one year at time intervals of 100 years.) The results differ if vegetation growth is perturbed in our CO 2 sensitivity experiments. When we reduced any vegetation cover in the Sahara with a frequency of one to several years, then the vegetation increase was strongly delayed or even suppressed. We attribute his result to the asymetry of time scales of vegetation dynamics diagnosed for densely vegetated and sparsely vegetated desert-like areas. Hence we conclude that vegetation expansion into today's Sahara is possible only, if it is not hampered by perturbations such as grazing.
An increase in atmospheric CO 2 concentration may induce a physiological response of vegetation by reducing stomatal conductance and hence transpiration (e.g., Betts et al., 1997) . This physiological effect is not accounted for in CLIMBER-2. If this effect were included, then we might expect a slightly stronger near-surface warming over the northern continents as seen in the experiments of Betts et al. (1997) . While the temperature contrast between land and ocean could become stronger, horizontal gradients in boundary-layer entropy and moist static energy will presumably change very little owing to the reduction in evaporation. Hence we assume that inclusion of the physiological effect in to CLIMBER-2 would presumably not change our results drastically.
Some of our results concern changes in only one or two grid boxes of CLIMBER-2. For example, the Sahara is, by and large, covered by just one grid box. Nonetheless we consider these 'small-scale' -in comparison with the coarse spatial resolution of CLIMBER-2 -results significant, if they do not depend qualitatively on changes in initial conditions. For example, the Saharan greening during the mid-Holocene or even the pattern of temperature and precipitation changes, including the drying over southern Europe in the CO 2 sensitivity experiments, depicted in Figure 3 , are considered significant, because these results remain qualitatively the same under different initial conditions or under different boundary conditions (e.g., different CO 2 scenarios) or even in different model versions (i.e., they can be found in CLIMBER-2.1 as well as in CLIMBER-2.3).
A more serious limitation of our study concerns the lack of interannual climate variability in CLIMBER-2. Work by Zeng et al. (1999) , Wang and Eltahir (2000a-c) , and Zeng and Neelin (2000) suggests that decadal rainfall variability in West Africa can arise from vegetation-atmosphere interaction or from amplification of external forcing, such as changes in subtropical sea-surface temperatures, by vegetation-atmosphere interaction. The atmospheric model in CLIMBER-2 is a dynamic-statistical model which is not designed to simulate interannual variability. Therefore, CLIMBER-2 is not the appropriate tool to explore interannual variability or to examine whether the observed variability in Sahelian rainfall relates to internal, natural variability or to external, for example anthropogenic, perturbation.
Conclusion
Our results indicate that the greening of the Sahara several thousand years ago is not a paleo-analogue for potential future climate and vegetation changes in northern Africa. Paleoclimatic changes in the African monsoon were presumably triggered by changes in insolation and amplified by a positive, nonlinear feedback mainly between vegetation in northern Africa, atmospheric motion and precipitation. When atmospheric CO 2 concentration is enhanced, our model reveals an increase in precipitation in tropical Africa and the Sudan, if the atmospheric CO 2 concentration increases are well above levels for pre-industrial climate -in agreement with results from some comprehensive climate models. This change is also amplified by the biogeophysical feedback. Both the rate and the amplitude of Saharan vegetation changes depend on the rate and the upper limit of the increase in atmospheric CO 2 concentrations. Intrusion of vegetation into the Sahara can, in principle, occur within a few decades.
Despite the apparent similarity, the increase in vegetation coverage in northern Africa as a result of an increase in atmospheric CO 2 concentrations is quantitatively and mechanistically different from the vegetation change owing to insolation changes during the Holocene. As a result of differences in forcing -in the one case, a seasonal and regional change of insolation pattern and in the other case, a globally homogeneous increase in the greenhouse gas CO 2 -global patterns of changes in near-surface temperature and precipitation differ. Also the contribution of dynamic effects (stronger convergence and hence, stronger convective flow) and thermodynamic effects (increase in precipitable water owing to stronger evaporation) to changes in the monsoon are different in the Holocene experiment and the CO 2 sensitivity experiments. Moreover, comparison of transient monsoon changes suggests that changes in the paleo-monsoon system are governed by the large-scale temperature contrast between the Eurasian continent and the oceans, and hence by changes in tropical air flow, and only to a lesser extent by the regional temperature gradient between northern Africa and tropical North Atlantic. In the CO 2 sensitivity experiments, the effect of transient changes in regional temperature gradients is more apparent.
Finally, we would like to emphasize that owing to several limitations of our model (coarse resolution, lack of realistic interannual climate variability), our study is not a forecast of future climate change. Likewise, we cannot attribute the past decadal variability of Sahelian drought to natural variability or anthropogenic forcing. Instead, we have presented a sensitivity study on the resilience of the natural Earth system where we have identified the theoretical possibility of potentially rapid climate changes in northern Africa in a greenhouse-gas induced climate warming.
